Manuscript no. 2014-1668.

Optic nerve hypoplasia (ONH) is a nonprogressive congenital abnormality of the optic nerve characterized by up to a 90% reduction in the number of axons in histologic samples.[@bib1] Optic nerve hypoplasia has a prevalence estimated between 7.1 and 10.9/100 000 children per year.[@bib2; @bib3] It can present as an isolated entity in 1 or both eyes, or can coexist with other central nervous system abnormalities. The most well-documented association is septo-optic-dysplasia (SOD). Septo-optic-dysplasia, also known as de Morsier syndrome, consists of the triad of ONH, midline brain abnormalities, including absent septum pellucidum, hypothalamic dysfunction, and endocrine abnormalities.

The cause of ONH is not fully understood, and multiple causative etiologies may produce clinically indistinguishable phenotypes. The majority of cases are sporadic. However, there have been familial cases of SOD with ONH described with mutations in HESX1[@bib4] and SOX2.[@bib5] Optic nerve hypoplasia has been associated with abnormal intrauterine development, for example, in maternal diabetes[@bib6] or fetal alcohol syndrome.[@bib7]

Optic nerve hypoplasia is a clinical diagnosis; visualization of the disc reveals an abnormally small optic nerve head, characteristically pale or grey in color. A "double-ring sign" is often described, consisting of a normal junction between the sclera and the lamina cribrosa (outer ring) and an abnormal extension of the retina and pigment epithelium over the outer portion of the lamina cribrosa (inner ring). Vascular abnormalities are described, frequently vascular tortuosity,[@bib8] although abnormally straight vessels with reduced branching have been documented.[@bib9]

Spectral-domain optical coherence tomography (OCT) is a noninvasive, noncontact imaging modality that produces in vivo images comparable to histologic samples[@bib10] with good reproducibility.[@bib11] Little is known about the morphologic changes of the optic disc in ONH. A histopathology study performed by Mosier et al[@bib12] on 1 patient with ONH showed thinning of the retinal nerve fiber layer (RNFL) and ganglion cell reduction. These findings were confirmed by other researchers.[@bib13; @bib14] To date, there are only a few articles investigating the in vivo eye morphology in ONH using optical coherence tomography (OCT).[@bib15; @bib16] In 2013, Moon and Park[@bib16] described RNFL thinning and thinning of the structures located between the posterior boundary of the RNFL and the posterior boundary of the outer plexiform layer (OPL) of the retina measured together in 1 patient with ONH compared with the healthy eye using SD OCT. There are no investigations about possible macular changes associated with ONH. A previous study using fundus photography has found no relationship between the size of the optic nerve and the visual acuity in patients with ONH.[@bib13]

The aim of this study is to perform the first cross-sectional observational study to characterize the optic nerve and macular morphology in a series of patients with various degrees of ONH using high-resolution SD OCT. We also explore the clinical utility of SD OCT in detecting ONH and correlate associated changes with the visual outcome and presence of SOD.

Methods {#sec1}
=======

Subjects {#sec1.1}
--------

Sixteen patients with ONH (10 female and 6 male; mean age, 17.2 years; standard deviation ±16.22) and 32 gender-, age-, ethnicity-, and refraction-matched healthy controls were included in this prospective observational study. Six patients demonstrated clinically bilateral involvement. Eyes were divided into 2 subgroups: eyes with (affected, n = 22) and without (unaffected, n = 10) clinically detected ONH.

All participants underwent a standard ophthalmologic examination, including best-corrected visual acuity, refraction, orthoptic examination, slit-lamp examination, and dilated fundoscopy ([Table 1](#appsec1){ref-type="sec"}, available at [www.aaojournal.org](http://www.aaojournal.org){#intref0010}). When nystagmus was present, eye movements were recorded (EyeLink 1000, SR Research Ltd, Osgoode, Canada) under binocular conditions and either eye occluded. Nystagmus waveforms were observed for infantile nystagmus (i.e., accelerating or sinusoidal slow phases) and manifest latent nystagmus (decelerating waveforms with the slow phase directed toward the occluded eye). Two participants (aged 12 and 16 years) were too young to cooperate with eye movement recordings, and nystagmus type was determined clinically (manifest latent nystagmus if change in direction on covering).

The diagnosis of ONH was established on the basis of clinical examination. Patients with ONH had no other known ophthalmic pathology. Magnetic resonance imaging of the brain and orbits was performed in 10 of 16 patients (6 adult patients preferred not to undergo magnetic resonance imaging as part of the examination) to determine the presence of SOD. Five of 16 patients did not have nystagmus. All 5 patients had unilateral ONH.

A total of 32 gender-, age-, ethnicity-, and refraction-matched healthy controls with best-corrected visual acuity of 0.2 logarithm of the minimum angle of resolution (logMAR) or better, normal visual fields, and intraocular pressure (when possible to assess, because some participants were too young to cooperate) were included. The control group had no known eye pathology, systemic disease, or previous intraocular surgery. The study adhered to the tenets of the Declaration of Helsinki and was approved by the local ethics committee. Informed consent was obtained from all participants or their parents or guardians.

Optical Coherence Tomography {#sec1.2}
----------------------------

Ultra--high-resolution spectral-domain OCT (Copernicus; Optopol Technology S.A., Zawiercie, Poland) was used to acquire tomograms with a wavelength of 850 nm and a theoretic axial resolution of 3.0 μm (7×7×2 mm, 75 B-scans, 743 A-scans per B-scan, fixation target set to image the optic disc) in 9 older participants in whom we could achieve a stable head position to obtain good-quality scans. In 7 participants (aged 1--7 years), SD OCT images were obtained using a handheld device (HH-OCT, Envisu, Bioptigen Inc, Research Triangle Park, NC) with a wavelength of 840 nm and theoretic axial resolution of 2.4 μm (10×10×2.46 mm, 100 B-scans and 500 A-scans per B-scan). Individual horizontal B-scans were analyzed as opposed to automated volumetric analysis because of the presence of nystagmus in 10 patients. Because of the rapid acquisition time for individual B-scans (14.3 ms for Copernicus and 15.6 ms for Bioptigen Inc), distortion of individuals\' B-scans due to nystagmus was minimal.

The consistency of measurements between the 2 devices was checked by comparing measurements from 15 adults with both devices. Interclass correlation coefficients for key parameters were all \>0.8 (rim diameter = 0.91; cup diameter = 0.93; retinal thickness = 0.94, 0.93, and 0.95 for nasal, central, and temporal, respectively; GCL, central = 0.83).

Optic Nerve Head Analysis {#sec1.3}
-------------------------

A flattened B-scan through the deepest point of the optic nerve cup was used for ONH analysis. Quantitative OCT analysis was conducted in a semiautomated manner using an ImageJ macro (National Institutes of Health, Bethesda, MD, available at: <http://rsbweb.nih.gov/ij/>) by the same investigator (AP) for all scans.

On the horizontal tomograms, the edges of the retinal pigment epithelium (RPE) (optic disc margins), the position of the internal limiting membrane, and the RNFL position were marked manually ([Fig 1](#fig1){ref-type="fig"}A). The cup diameter (using a cup offset 150 μm anteriorly to the disc axis), cup maximal depth, and horizontal rim size (distance between horizontal disc and cup diameters) and temporal and nasal height (between the horizontal cup diameter level and the RNFL, limited on the periphery by the disc margins) were measured automatically by the macro. Peripapillary RNFL thickness was measured in a region from 1200 to 1600 μm on both sides of the center of the cup (same as the default setting in the Optopol automated analysis).

Foveal Analysis {#sec1.4}
---------------

A central horizontal flattened B-scan was selected at the deepest point of the foveal pit where the outer segment (OS) of photoreceptors was thickest, indicating specialization (i.e., elongation) of photoreceptors at the pit. If there was no clear foveal pit, the center of the macula was identified as the point with greatest extent of thinning of the inner retinal layers and doming of the outer nuclear layer (ONL).

Detailed SD OCT analysis was conducted in a semiautomated manner using an ImageJ macro with the retinal layer borders positioned manually by locating points that were fitted with a spline fit. The borders were used to calculate thickness measurements of the RNFL, ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), OPL, ONL, inner segment (IS), OS, contact cylinder, and RPE layers ([Fig 1](#fig1){ref-type="fig"}B). The position of the retinal layers was measured across the whole scan. For statistics, the thickness measurements in the central point, paracentral area (averaged thickness of each layers from 250 μm nasally to 250 μm temporarily from the center), and nasal/temporal areas (averaged thickness of each layers from 500 to 2000 μm from the center, nasally and temporarily, respectively) were used.

Statistical Analysis {#sec1.5}
--------------------

Statistical analysis was performed using SPSS software version 16.0 (SPSS, Inc, Chicago, IL). Optic nerve head and macular parameters were normally distributed as determined by the Shapiro--Wilk test. The parameters of the ONH and macula were analyzed using a univariate mixed linear model that included group as a fixed factor and corrected for refractive error. Bonferroni correction was used for post hoc multiple comparisons (comparing affected eyes and unaffected eyes in participants with ONH and controls). Correlations between optic nerve and macular parameters were made using Pearson\'s correlation. Optic nerve and macular parameters were correlated with visual acuity. We also analyzed whether the presence of SOD was associated with optic nerve parameter changes using Spearman\'s rank correlation. *P* ≤ 0.05 was considered statistically significant.

The sensitivity and specificity of optic nerve and macula parameters for ONH detection were calculated by defining positive and negative results using fixed thresholds for each optic disc and macular parameter that demonstrated statistically significant changes in ONH.

Results {#sec2}
=======

Optic Nerve Head Morphology {#sec2.1}
---------------------------

In [Figure 1](#fig1){ref-type="fig"}A, the fundus images and OCT B-scans of a patient are shown with right ONH and a left eye with a clinically unaffected optic nerve. The OCT scans showed the coexistence of optic nerve head drusen (ONHD) as an incidental finding in 3 of the 16 patients (18.75%). Drusen appeared as hyper-reflective round bodies above the edges of the RPE ([Fig 2](#fig2){ref-type="fig"}B). The ONHD were seen in both eyes (with and without ONH). Patients with ONHD were excluded from analysis because ONHD can be associated with retinal changes.[@bib17]

On visual inspection of the optic nerve head scans of eyes affected with ONH (examples in [Figs 2A and 3](#fig2 fig3){ref-type="fig"}), the optic discs and cups were clearly smaller compared with those in control subjects.

Mean optic nerve head parameters in clinically affected and unaffected eyes of patients with ONH and healthy controls are illustrated schematically in [Figure 4](#fig4){ref-type="fig"}. Individual values are shown in [Figure 5](#fig5){ref-type="fig"}. Cup diameters and depths, and disc diameters were profoundly smaller in affected eyes in patients with ONH compared with both clinically unaffected eyes in patients with ONH (percentage differences: 103%, 96%, 46%, respectively; *P* = 0.02, *P* = 0.02, *P* = 0.03, respectively) and eyes in healthy controls (percentage differences: 115%, 103%, 65%, respectively; *P* = 0.003, *P* = 0.01, *P* = 0.002, respectively).

Although rim sizes in patients with ONH were apparently small on visual inspection, analysis of the rim cross-sectional areas and asymmetry in the nasal and temporal cross-sectional areas showed no statistical differences among the 3 groups. As can be seen in [Figure 4](#fig4){ref-type="fig"}, clinically unaffected eyes from patients with ONH had smaller disc/cup diameters and cup depth compared with eyes of healthy controls; however, this difference was not significant ([Fig 5](#fig5){ref-type="fig"}).

Sensitivity and specificity for the detection of ONH based on SD OCT disc parameters were 85.7% and 92.8% for disc diameter, 85.7% and 90.9% for cup diameter, and 85.7% and 91.6% for cup depth, respectively (using thresholds of 1200, 550, and 200 μm, respectively).

Peripapillary RNFL was significantly thinner in the affected eye of patients with ONH compared with controls, with similar differences being observed in both nasal and temporal RNFL (54% and 68% of control values, respectively) ([Fig 6](#fig6){ref-type="fig"}). The RNFL thicknesses for the clinically unaffected eyes of patients with ONH were approximately midway between thicknesses in affected eyes of patients with ONH and controls. We found no significant difference in peripapillary RNFL between the 2 eyes in patients with bilaterally hypoplastic discs for any optic disc parameter.

Correlation analyses were performed for all optic disc and RNFL parameters in the affected eye correlating the following:

Optic disc and RNFL parameters with each other: A significant positive correlation was detected between peripapillary RNFL thickness in the nasal area and both the horizontal diameter of the rim (*r* = 0.80, *P* = 0.031) and the size of the nasal rim area (*r* = 0.80, *P* = 0.030).

Clinically unaffected eye: A significant positive correlation was detected for cup depth (*r* = 0.78, *P* = 0.04).

Visual acuity, SOD, nystagmus: No significant correlations were observed between visual acuity or SOD and optic disc and RNFL parameters. Neither the presence of nystagmus nor the type of waveform (infantile nystagmus or manifest latent nystagmus) was correlated to optic disc/RNFL parameters or mono/bilateral involvement.

Foveal Morphology {#sec2.2}
-----------------

Visual inspection of the horizontal macular SD OCT scans of affected eyes revealed a thinner parafoveal retina overall, mainly because of a thin RNFL or thin or absent GCL, which led to a flatter foveal pit. In the fovea, continuation of the GCL, IPL, and INL was observed. There was an absence of the upward deflection of the ellipsoid line in the center of the fovea normally present because of elongation of cones caused by increased packing. The ONL in the foveal area had a more domed appearance in affected ONH eyes compared with healthy controls (as can be seen by comparing bottom left and right images in [Figure 3](#fig3){ref-type="fig"}, and comparing the top and bottom schematic representations in [Fig 7](#fig7){ref-type="fig"}A). The pattern of continuation of inner layers and domed ONL was observed in 18 of 22 eyes with ONH, with neither feature observed in the remaining 4 patients. Consequently, this pattern gave a sensitivity of 81.8% and specificity of 100% for ONH diagnosis.

Quantitative analysis showed that affected eyes had significantly thicker central and paracentral (500 μm diameter) areas compared with both clinically unaffected eyes (11% and 16%, respectively, *P* \< 0.05) and controls (15% and 18%, respectively, *P* \< 0.05). In contrast, the nasal retina was thinner in the affected eyes compared with the clinically unaffected eyes (26%, *P* \< 0.05) and controls (33.2%, *P* \< 0.05). The temporal area was also significantly thinner in the affected eye of patients with ONH compared with healthy participants (11%, *P* = 0.005).

Increased central retinal thickness in the affected eyes of patients with ONH compared with clinically unaffected eyes and controls was mainly due to changes in the GCL, IPL, and OPL ([Fig 7](#fig7){ref-type="fig"}B). Thinning of the nasal retina in affected eyes of patients with ONH was primarily due to thinning of the GCL, with RNL, IPL, and ONL also being affected. The GCL was also thinner in the temporal retina in affected eyes of patients with ONH. Of note, the IS was significantly thinner in affected eyes of patients with ONH in both central and temporal areas.

Coefficients of data variability of the thicknesses of the layers were between 10.0 and 36.1 ([Table 2](#appsec1){ref-type="sec"}, available at [www.aaojournal.org](http://www.aaojournal.org){#intref0020}). A higher coefficient was measured for the RNFL and GCL (36.1 and 24.3, respectively, in the ONH group in central area) because they were the thinnest layers in the macula. The sensitivity and specificity for the detection of ONH were 88.8% and 100% for nasal GCL and 77.7% and 84.6% for temporal GCL, respectively (using thresholds of 35 μm and 30 μm for average measurements, respectively).

Correlation analyses were performed for all foveal parameters in the affected eye correlating the following:

Optic disc and RNFL parameters: The horizontal disc diameter showed a significant positive correlation with nasal IPL and temporal IS thickness (*P* \< 0.01 for both), and a significant negative correlation with central IPL thickness (*P* = 0.003). Consequently, smaller disc diameters were associated with greater retinal thinning in the nasal and temporal areas and continuation of inner retinal layers in the central retina. The horizontal rim diameter in affected eyes showed a significant correlation with nasal RNFL thickness, temporal ONL thickness, and temporal and nasal GCL thickness (*P* \< 0.05 for all). The horizontal cup diameter was negatively correlated with central IPL and OPL thicknesses (*P* = 0.001 and *P* = 0.02, respectively). Cup depth showed significant negative correlations with the thickness of the retinal layers in the central area only (GCL: *P* = 0.03; IPL: *P* \< 0.001; OPL: *P* = 0.01).

Clinically unaffected eye: Only positive correlations were observed for macular parameters in nasal RNFL (*r* = 0.98, *P* = 0.03) and paracentral IPL (*r* = 1.00, *P* = 0.001).

Visual acuity: There was a positive correlation between visual acuity (using logMAR visual acuity, where higher values indicate poorer vision) and temporal and nasal GCL thickness (*P* = 0.03 and *P* = 0.002, respectively) and nasal IPL (*P* = 0.02).

SOD: The presence of SOD was negatively correlated with nasal GCL thickness (*P* = 0.02) and positively correlated with central OPL (*P* = 0.009).

Nystagmus: There were no significant correlations.

Discussion {#sec3}
==========

The majority of histopathologic studies investigating the eye structure in patients with ONH report thinning of the RNFL and reduction of the GCL.[@bib12; @bib13; @bib18] To date, the potential of SD OCT to assess optic nerve and macula morphology in patients with ONH in vivo has been largely unexplored. In 2013, Moon and Park[@bib16] confirmed previous histopathology data in 1 patient with ONH compared with the healthy eye using SD OCT. In this study we have recruited a substantial number of patients with ONH and report new OCT findings of ONH and retinal changes. We demonstrate that OCT can be used in clinical practice in cases with diagnostic uncertainty to clarify the presence of ONH.

Optic Nerve Head Changes {#sec3.1}
------------------------

Our results indicate that patients with ONH showed significantly smaller horizontal disc diameters, horizontal cup diameters, and cup depths compared with the unaffected eyes and eyes of healthy controls (*P* \< 0.05). All 3 parameters showed sensitivity and specificity of \>85% and \>90%, respectively, indicating that OCT parameters of the optic nerve head can be used in clinical practice to confirm suspected diagnosis of ONH.

There are several theories for the cause of maldevelopment of the optic nerve in ONH. One hypothesis suggests that failure of GCL differentiation leads to RNFL reduction, one of the features of ONH.[@bib12; @bib13] During normal pregnancy, retinal ganglion cells first develop axons that extend toward the optic stalk at 8 weeks gestational age. These axons later form the RNFL.[@bib19] Provis at al[@bib20] investigated the number of axons of the human fetal optic nerve and found that at least 70% regress during pregnancy. These findings led Mosier et al[@bib12] and other investigators[@bib14; @bib18] to propose the hypothesis that ONH is the result of excessive RNFL regression. McCulley et al[@bib21] suggested that ONH may be the result of retrograde RNFL degeneration from axons not proceeding into the contralateral tract at the chiasm. In this case, one would predict an abnormal asymmetry of the optic nerve rim with greater loss of nasal fibers, because RNFL normally enters into the nasal rim cross-contralaterally at the chiasm. However, we did not observe this pattern.

We found no correlations between optic disc parameters and visual function in patients with ONH. This finding is in agreement with previous clinical observations that there is no relationship between size of the optic nerve and vision in patients with ONH.[@bib13] We also found no correlations between visual acuity and RNFL thickness in the temporal area that corresponds to the position of the papillomacular bundle, considered as a possible predictor of visual acuity.[@bib22] However, most patients with ONH had visual acuity of ≤0.9 logMAR in affected eyes, which limits the range of values with which the relationship can be interpreted.

Currently, it is not clear why some patients with ONH develop infantile nystagmus forms and others manifest latent nystagmus forms. It would be interesting to investigate a larger cohort of patients with ONH to see whether a correlation between nystagmus form and clinical/OCT characteristics can be determined.

Foveal Changes {#sec3.2}
--------------

Optical coherence tomography was able to detect changes in foveal abnormalities in patients with ONH that were not obvious on fundus examination. Similar observations have been made in patients with foveal hypoplasia, such as albinism and achromatopsia.

This study showed that patients with ONH have significant changes in several retinal layers, including previously described changes in RNFL and GCL, as well as newly observed changes in IPL, OPL, ONL, and IS layers. These changes resemble those observed in foveal hypoplasia, although thinning of RNFL and GCL is not as severe in most types of foveal hypoplasia as that observed in patients with ONH. This is probably due to different mechanisms underlying these changes. Currently, it is difficult to be certain regarding the initial mechanism leading to retinal changes in ONH. Structural macular changes with foveal involvement could be the result of a more generalized retinal injury or indirectly through transsynaptic degeneration after damage upstream from the retina. Transsynaptic degeneration from the cortex has been suggested as a possible mechanism underlying retinal changes observed in amblyopia.[@bib23] Alternatively, there could be a simultaneous effect on both the retina and the optic nerve as a result of genetic or environmental perturbation. In agreement with previous histopathologic studies in ONH, we observed thinning of nasal RNFL and temporal and nasal GCL using SD OCT.[@bib13; @bib14] Retinal nerve fiber layer and GCL loss in the macula have been described in patients with acquired optic nerve atrophy.[@bib24; @bib25; @bib26] However, in contrast to histopathologic studies of optic nerve atrophy acquired later in life, we observed that patients with hypoplastic optic nerves also had continuation of the GCL, IPL, and OPL at the fovea and a differently shaped central fovea compared with healthy controls.

Thickening of the central retina was described in several conditions, including amblyopia.[@bib23] However, simultaneously presented structural changes known as foveal hypoplasia have been described mainly in patients with ocular albinism, *PAX6* mutations, and achromatopsia.[@bib27] During the normal prenatal and early postnatal period (from 25 weeks to 15--45 months after birth), centrifugal displacement of the inner retinal layers (GCL, IPL, INL) leads to the formation of the foveal pit. At the same time, thickening of the IS and OS layers and widening of the ONL take place.[@bib28] Therefore, continuation of the IPL, OPL, ONL, and IS in the fovea in ONH suggest arrested foveal development.

Small optic nerve heads have been described in foveal hypoplasia associated with albinism and achromatopsia. Together with our findings in ONH, this indicates that there is an association between foveal maldevelopment and optic nerve development.[@bib29; @bib30] This is also supported by the significant correlations observed between thickness of retinal layers in the macula and optic nerve parameters.

In ONH, the shape of the fovea is changed compared with controls with more obvious central doming of the ONL ([Fig 3](#fig3){ref-type="fig"}). This is different from other forms of foveal hypoplasia in which the shape of the ONL is less pronounced.[@bib31] When the shape of the ONL is delineated without Henle fibers, by varying pupil entry position of the light with OCT,[@bib32] a similar peaking shape of the ONL is observed. It is possible that the obvious central doming shape in ONH is due to reduced Henle fiber layer thickness.

In contrast to optic nerve head parameters, central GCL and OPL in the macula (i.e., indicative of worse foveal maldevelopment) showed a significant positive correlation with SOD. It would be interesting to investigate in future studies, using larger cohorts, whether increased thickness of central GCL and OPL could indicate possible coexisting SOD.

The cause of ONH is not clear. The RNFL and GCL thinning support the theory of ONH occurring because of the retrograde RNFL atrophy during fetal development, as similar changes are described in optic nerve atrophy. The coexistence of SOD and ONH in a subset of patients suggests that SOD may be one possible causal factor leading to ONH.[@bib33; @bib34]

Severe structural changes in the macula and optic nerve of patients with ONH, often associated with midbrain dysgenesis, also may involve the vasculature of the eye.[@bib35] Therefore, an investigation of the relationship between abnormalities in vascular morphology and structural abnormalities in the retina and optic nerve in ONH would be interesting. All of the optic nerve and macular parameters of unaffected eyes fell midrange between the values for healthy controls and affected eyes. However, there were no significant differences between unaffected eyes and the other 2 groups, possibly because of insufficient numbers of unaffected eyes included. However, there were significant correlations between affected and unaffected eyes for cup depth and retinal thickness of RNFL and IPL. This association suggests a mild degree of ONH in the unaffected eyes. Small optic nerves were not clinically apparent in the unaffected eyes on fundoscopy, which indicates that OCT is a more sensitive method to detect subtle ONH than clinical fundus examination.

Study Limitations {#sec3.3}
-----------------

This study represents the largest cohort of patients with ONH who have been imaged using OCT to date. However, the large variability of the data in the clinically unaffected group may not be adequately represented by the present sample size (n = 10). Another limitation of the study was that the analysis was based on single horizontal B-scan images rather than volumetric analysis. This was used because of the presence of nystagmus, often with a vertical component that makes realignment of B-scans unreliable. Consequently, described changes do not represent all the structural abnormalities in patients with ONH that can be captured by volumetric analysis.

Our study demonstrates significant diagnostic potential of OCT in patients with ONH. Changes in disc and cup diameters and cup depth, as well as thinning of retinal layers and foveal hypoplasia, can help in assessing patients with suspected ONH. High sensitivity and specificity of detecting ONH on scans indicate that OCT can be useful for the clinical diagnosis. Clinically unaffected eyes show a mild degree of hypoplasia. The macula structure in patients with ONH is significantly related to visual function and may help to predict visual acuity in infants with ONH.

Supplementary Data {#appsec1}
==================
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![Horizontal spectral-domain optical coherence tomography (SD OCT) B-scan images of the **(A)** optic nerve head and **(B)** macula area of a control subject. **A,** An OCT scan of the optic nerve head where the disc diameter was defined as the distance between the edges of retinal pigment epithelium (RPE); cup diameter was measured as the length of the line parallel to the disc diameter in 150 μm anteriorly to the disc and limited by the internal limiting membrane; nasal and temporal rims were calculated as the difference between the disc and cup edges; and maximal cup depth was measured as a perpendicular line between the cup diameter and the deepest point of the cup, retinal nerve fiber layer (RNFL), was delineated manually. **B,** The position of the different retinal layers (*left*) in an OCT scan of the macular area (*right*). The thickness of the layers was measured in the center of the fovea, in the paracentral area (from 250 μm nasally to 250 μm temporally), and nasally and temporally (from 500--2000 μm). BM = Bruch\'s membrane; CC = contact cylinder; E = ellipsoid; ELM = external limiting membrane; GCL = ganglion cell layer; INL = inner nuclear layer; IPL = inner plexiform layer; IS = inner segment; ONL = outer nuclear layer; OPL = outer plexiform layer; OS = outer segment.](gr1){#fig1}

![Fundus images (*top*) and spectral-domain optical coherence tomography (SD OCT) horizontal B-scans (*bottom*) through the center of the disc in **(A)** a patient with right eye optic nerve hypoplasia (ONH) (patient 1, [Table 1](#appsec1){ref-type="sec"}, available at [www.aaojournal.org](http://www.aaojournal.org){#intref0030}) and **(B)** bilateral optic nerve head drusen (ONHD) with ONH in the left eye (patient 8, [Table 1](#appsec1){ref-type="sec"}, available at [www.aaojournal.org](http://www.aaojournal.org){#intref0035}). *Arrows* indicate the position of the drusen above the edges of the RPE. The disc size of the left eye with both ONHD and ONH is considerably smaller than in the unaffected eye.](gr2){#fig2}

![Examples of spectral-domain optical coherence tomography (SD OCT) of affected left eyes of the patients with optic nerve hypoplasia (ONH) (*left*) and age-, gender-, ethnicity-, and refraction-matched healthy controls (*right*). The optic nerve head scans of patients with ONH demonstrated small disc and cup diameters, and cup depth. The horizontal macula scans of the patients with ONH (*bottom left* and *top left*) demonstrate a thin retina, flat foveal pits, a thin retinal nerve fiber layer (RNFL) and ganglion cell layer (GCL), continuation of the inner plexiform layer (IPL) and inner nuclear layer (INL), a domed central area of ONL, and absence of the upward deflection of the ellipsoid line in the center of the fovea in patients with ONH. E = ellipsoid.](gr3){#fig3}

![Cross-sectional schematic diagrams representing mean values of optic nerve head parameters of patients with optic nerve hypoplasia (ONH) (affected and clinically unaffected eyes) and controls. *Upper horizontal dotted lines* represent horizontal offset (150 μm) used to determine cup diameters, and *lower horizontal dotted lines* indicate disc horizontal diameters. *Vertical dotted lines* show margins of rim areas. Mean (± standard error) values of parameters that were statistically significant are given. N = nasal; T = temporal.](gr4){#fig4}

![Distribution of optic nerve head parameters (μm) in patients with optic nerve hypoplasia (ONH) in affected/clinically unaffected eyes and healthy controls. *Horizontal dotted line* shows the threshold for optic disc hypoplasia detection in parameters that were highly sensitive and specific.](gr5){#fig5}

![Average thickness of the peripapillary retinal nerve fiber layer (RNFL) in patients with optic nerve hypoplasia (ONH) (affected and unaffected eyes) and healthy controls nasally and temporally from the disc center. *Error bars* are standard deviations.](gr6){#fig6}

![Cross-sectional schematic diagram of individual retinal layers **(A)** and mean and standard error (μm) of the thicknesses of retinal layers when the difference between groups was significant **(B)** in patients with optic nerve hypoplasia (ONH) (affected and clinically unaffected eyes) and controls. CC = contact cylinder; GCL = ganglion cell layer; INL = inner nuclear layer; IPL = inner plexiform layer; IS = inner segment; ONL = outer nuclear layer; OPL = outer plexiform layer; OS = outer segment; RNFL = retinal nerve fiber layer; RPE = retinal pigment epithelium. \*Significant difference between groups, *P* ≤ 0.05.](gr7){#fig7}
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